We have shown previously that chronic administration of adrenocorticotropic hormone (ACTH) causes a significant decrease in hippocampal cell proliferation and neurogenesis. This effect in rats treated chronically with ACTH was not influenced by the chronic administration of imipramine, but was reversed by coadministration of imipramine and lithium. The present study was undertaken to further characterize the mechanism underlying the effect of imipramine and lithium on hippocampal cell proliferation and neurogenesis, by investigating the effects of treatment on the expression of brain-derived neurotrophic factor (BDNF), total cyclic adenosine monophosphate response element-binding protein (CREB), and phosphorylated CREB (pCREB) of the CREB signaling system, as well as Wnt 3a and cyclin D1 of the Wnt signaling pathway in the hippocampus of saline-and ACTH-treated rats. ACTH treatment significantly decreased the expression of cyclin D1. Treatment with imipramine and lithium increased the expression of cyclin D1 in ACTH-treated rats. However, the expression of BDNF, CREB, pCREB, and Wnt 3a did not change in either salinetreated or ACTH-treated rats. These findings suggest that the antidepressant effect of imipramine and lithium in ACTH-treatment-resistant rats may be attributed, at least in part, to an enhancement of cyclin D1 expression.
Introduction
We already reported that the effect of tricyclic antidepressants to decrease immobility is blocked by repeated adrenocorticotropic hormone (ACTH) treatment in the forced swim test, a behavioral test widely used as a predictor of antidepressant activity [1] . This blocking of the immobility time-decreasing effect of imipramine is reversed by the coadministration of lithium and imipramine [1] . Furthermore, electroconvulsive therapy is an effective treatment for patients with treatment-resistant depression [2] . Repeated electroconvulsive stimulation was shown to significantly decrease the immobility time in the forced swim test of ACTH-treated rats [3] . Chronic treatment of rats with ACTH may be an effective model of tricyclic antidepressant treatment-resistant depression [1] .
Chronic treatment with antidepressants may increase cell proliferation and survival and reverse stress-induced decreases in hippocampal cell proliferation and neurogenesis [4] [5] . The ability to promote hippocampal neurogenesis is a feature of both classical antidepressants, such as tricyclic drugs, and selective serotonin re-uptake inhibitors [6] [7] . Moreover, hippocampal cell proliferation and neurogenesis may be key factors in the actions of antidepressant drugs. On the other hand, wepreviously reported that treatment with imipramine and lithium affects progenitors that have a limited capacity for cell proliferation [8] [9] . In a previous study, the chronic administration of ACTH (100 µg/rat subcutaneously for 14 days) was found to significantly decrease the number of 5-bromo-2'-deoxyuridine and Ki-67 (an endogenous marker of cell proliferation)-positive cells compared with control values in the subgranular zone (SGZ) of the hippocampal dentate gyrus [8] [9] . This effect of ACTH treatment was not influenced by the chronic administration of imipramine, but was reversed by the coadministration of imipramine and lithium for 14 days [9] . Thus, these results suggest that imipramine and lithium improve the efficacy of treatment for resistant depression by triggering cell proliferation.
Brain-derived neurotrophic factor (BDNF) has also attracted attention due to key role in mediating neural regeneration, synaptic transmission, synaptic plasticity, and neurogenesis [10] [11] . Furthermore, low levels of BDNF protein have been implicated in clinical mood disorders and animal models of mood disorders [12] [13] . On the other hand, cyclic adenosine monophosphate response element-binding protein (pCREB) may mediate neuroplasticity. Furthermore, BDNF expression is regulated in part by pCREB. The unpredictable chronic mild stress model is an animal model of depression, which showedthe down-regluation of BDNF, CREB, and neurogenesis [14] .
Cyclin D1 is positive regulator of cellular progression though the G1 phase of the cell cycle [15] [16] . Earlier reports suggested that cyclin D1 expression is significantly correlated with β-catenin expression [17] [18] . β-catenin is a key downstream effector of the Wnt/β-catenin signaling pathway regulating cell proliferation [19] . Studies have indicated that blocking of the Wnt signaling pathway perturbs progenitor cell proliferation and causes a marked reduction in hippocampal development [20] . We reported that the antidepressant effect of a 5-HT 1A receptor agonist, (+)-8-OH-DPAT, in ACTH-treated rats may be attributed to an enhancement of hippocampal cell proliferation, at least in part due to an enhancement of cyclin D1 expression.
In the present study, we examined the effect of treatment with imipramine and lithium on the expressions of BDNF, CREB, and Wnt 3a, a strong nuclear signal for cyclin D1 transcription, to elucidate the involvement of CREB-BDNF and Wnt/β-catenin signaling in hippocampal cell proliferation in ACTH-treated rats.
Materials and Methods

Animals
Wistar rats (Charles River, Yokohama, Japan) with initial weights of 220 -230 g were utilized. The rats were housed in pairs in an air-conditioned room (23˚C ± 1˚C with approximately 60% humidity) under a constant light-dark cycle (lights on 07:00-19:00 hours) and fed standard laboratory food and tap water. All experiments were conducted according to the guidelines for animal experimentation at Okayama University Medical School. All efforts were made to minimize the number of animals used and their degree of suffering.
Drugs
The following drugs were used: imipramine hydrochloride (Sigma), lithium carbonate (Taisho Pharmaceutical, Tokyo, Japan) and ACTH-(1-24)-zinc (ACTH; Cortrosyn Z: Daiichi-Sankyo, Tokyo, Japan). Imipramine was dissolved in saline. Lithium was suspended in a 0.5% methylcellulose solution. The rats were administered imipramine and lithium at a dose of 2 mL/kg body weight for 14 days. ACTH was injected subcutaneously once daily (09:00 to 10:00 hours) for 14 days at 100 μg/rat (injection volume = 0.2 mL/rat). The control rats received an equivalent volume of vehicle (saline 0.2 mL/rat, subcutaneous) for the same period of time.
Western Blot Analysis
Nuclear protein was extracted from rat hippocampal tissues one day after the last dose of ACTH, imipramine, and lithium. Homogenized samples were loaded on 1% sodium dodecyl sulfate-containing polyacrylamide gels and blotted onto polyvinylidene difluoride membranes (Hybond-P, Amersham, Buckinghamshire, UK). Blots were incubated with rabbit anti-BDNF polyclonal antibody (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit anti-phospho CREB (Ser133) monoclonal antibody (1:1000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or rabbit anti-CREB polyclonal antibody (1:250 dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit anti-Wnt 3a polyclonal antibody (1:1000 dilution, Millipore, Billerica, MA, USA); or rabbit anti-cyclin D1 polyclonal antibody (1:200 dilution, Santa Cruz Biotechnology, CA, USA). The blots were then reacted with the corresponding secondary antibody conjugated to horseradish peroxidase. After washing with 20 mM Tris-buffered saline containing 0.1% Tween 20, blots were developed using the ECL Western blotting detection system (Amersham, Buckinghamshire, UK). Images were quantified using a FUJIFILM Luminescent Image Analyzer LAS-3000 (FUJIFILM, Tokyo, Japan) and Multi Gauge (v3.0) software. For quantitative analysis, the ratio each specific protein signal (relative chemiluminescence unit) to that of constitutively expressed α-tubulin protein was calculated to normalize for loading and transfer artifacts.
Statistical Analysis
Data analysis was performed blindly with regard to treatment. Quantitative data were analyzed by one-way analysis of variance, followed by Tukey's test. Data are expressed as mean ± S.E.M. Values of P < 0.05 were considered statistically significant.
Results
Effects of Chronic Treatment with Imipramine and Lithium for 14 Days on Hippocampal Expression of Mature-BDNF in Saline-and ACTH-Treated Rats
It has been reported that BDNF plays an important role in development, neural regeneration, synaptic transmission, synaptic plasticity and neurogenesis, and mossy fiber sprouting [11] [21]. Treatment with ACTH for 14 days did not change the hippocampal expression of mature-BDNF in saline-and ACTH-treated rats. In addition, treatment with imipramine and lithium did not affect hippocampal BDNF expression in either saline-or ACTHtreated rats (Figure 1 ).
Effects of Chronic Treatment with Imipramine and Lithium for 14 Days on Hippocampal Expression of CREB and pCREB in Saline-and ACTH-Treated Rats
Western blotting was performed to examine whether concomitant treatment with imipramine and lithium changes the expression of CREB and pCREB in the hippocampus. Treatment with ACTH for 14 days did not change the hippocampal expression of CREB or pCREB in saline-or ACTH-treated rats. In addition, the hippocampal expression of CREB and pCREB was not affected by treatment with imipramine and lithium in either saline-or ACTH-treated rats (Figure 2 ).
Effects of Chronic Treatment with Imipramine and Lithium for 14 Days on Hippocampal Expression of Wnt 3a and Cyclin D1 in Saline-and ACTH-Treated Rats
Wnt/β-catenin signaling is an evolutionarily conserved pathway that plays a major role in various developmental processes including cell proliferation and differentiation. To confirm this finding and further examine the effect of imipramine and lithium on Wnt 3a and cyclin D1 protein levels, we collected hippocampal tissues from sa-line-and ACTH-treated rats and performed Western blotting. Cyclin D1, but not Wnt 3a, protein levels were significantly decreased in ACTH-treated rats compared to saline-treated controls (Figure 3(b), Figure 4(b) ). Repeated imipramine and lithium treatment prevented the reduction of cyclin D1 protein levels in the hippocampus of ACTH-treated rats (Figure 3(b) ). However, cyclin D1 and Wnt 3a levels did not change as a result of treatment with imipramine and lithium in saline-treated rats (Figure 3(a), Figure 4(a) ).
Discussion
Previous studies using behavioral screening for antidepressant activity in rodents have shown that the decrease in immobility induced by single and repeated administrations of imipramine and desipramine could be blocked by the repeated (14 days) administration of ACTH [1] . Lithium has been shown to be effective in the treatment of several forms of affective disorders, such as treatment-resistant depression. Therefore, the use of lithium in combination with a tricyclic antidepressant may be a promising way to improve efficacy in the treatment of resistant depression. A previous study demonstrated that repeated electroconvulsive stimuli decreased the duration of immobility in the forced swim test in rats treated chronically with ACTH [3] . Furthermore, we reported previously that chronic treatment with ACTH resulted in a decrease in cell proliferation in the SGZ of the hippocampal dentate gyrus [9] . Both electroconvulsive stimuli and chronic treatment with imipramine and lithium have been shown to increase cell proliferation in ACTH-treated rats [8] [9] [22] . Furthermore, it is well known that BDNF plays a role in the survival of neurons during hippocampal development and that this action may be (a) (b) Figure 3 . Effects of treatment with imipramine and lithium for 14 days on cyclin D1 protein levels in the hippocampus of saline-treated (a) and ACTH-treated rats (b). Each column is expressed as the mean ± S.E.M.; n = 6 -8 per group. ** P < 0.01 (vs control); # P < 0.05 (vs ACTH). related to its putative role in depression. Repeated electroconvulsive stimuli treatment increases mature-BDNF protein levels in the hippocampus of both saline-treated and ACTH-treated rat. This leads to an increase in pCREB levels and in the pCREB/CREB ratio in ACTH-treated rats. Therefore, the observed antidepressant-like effects of electroconvulsive stimuli may reflect enhanced cell proliferation in the hippocampus via activation of the CREB-BDNF pathway [22] . However, in the present study, hippocampal BDNF and CREB levels were not affected by imipramine and lithium treatment in saline-or ACTH-treated rats. These findings suggest that imipramine and lithium treatment did not activate CREB-BDNF signaling, indicating these pathways are unlikely to underlie the stimulatory effect of imipramine and lithium on the hippocampus. Cyclin D1 is a molecule that links growth factor signaling with the cell cycle mechanism and is critical in regulating cellular progression through the G1 phase of the cell cycle. Cyclin D1 is a major transcriptional target of Wnt/β-catenin signaling [23] . Among the several Wnt proteins, Wnt 3a has a dominant role in embryonic central nervous system development and is considered the principal regulator of neural stem cell proliferation and fate determination. Wnt 3a is expressed by adult hippocampal stem or progenitor cells, where it modulates the generation of newborn neurons in the hippocampal SGZ. To elucidate the involvement of the Wnt/β-catenin pathway in hippocampal cell proliferation, we examined the effect of combined imipramine and lithium treatment on the expression of the key Wnt/β-catenin signaling components, Wnt 3a and cyclin D1, in ACTH-treated rats.
Hippocampal cyclin D1 expression was decreased by treatment with ACTH, while lithium treatment significantly increased cyclin D1 expression in ACTH-treated rats. Our previous study demonstrated that treatment with ACTH for 14 days significantly decreases the number of BrdU-positive cells, an index of cell proliferation [9] . This effect was reversed via administration of lithium, albeitnot significantly. We also reported that chronic lithium treatment did not affect the duration of immobility in the forced swim test in ACTH-treated rats. Treatment with lithium also significantly increased cyclin D1 expression in ACTH-treated rats in this study. Lithium treatment may modestly enhance cell proliferation via increased cyclin D1 expression, although this would appear to be insufficient to produce antide pressive-like effects in ACTH-treated rats. Coadministration of imipramine and lithium significantly increases cyclin D1 expression in ACTH-treated rats. Our previous results suggested that chronic treatment with imipramine and lithium increases cell proliferation in ACTH-treated rats [8] [9]. Furthermore, chronic coadministration of imipramine and lithium significantly decreases the duration of immobility, even when given concurrently with ACTH [1] . Therefore, the observed antidepressant-like effects of imipramine and lithium may have been related to enhanced cell proliferation in the hippocampus via the activation of cyclin D1 expression. On the other hand, Wnt 3a protein levels were not affected by treatment with ACTH, imipramine, or lithium. Thus, Wnt 3a signaling may not contribute to imipramine and lithium-induced hippocampal cell proliferation in ACTH-treated rats. It is difficult to explain why Wnt 3a expression did not change in this study. β-catenin is a downstream effector of the Wnt/β-catenin pathway. Stabilization of β-catenin results in persistent activation of signaling, which can increase the expression of genes that drive cell proliferation, such as cyclin D1 [23] [24] . β-catenin is reported to be expressed in the SGZ, and its nuclear localization suggests it may promote cyclin D1 transcription in SGZ cells [25] . This report also suggests that nuclear β-catenin can activate cyclin D1. From our preliminary assessment, ACTH treatment tended to decrease the expression of β-catenin. Thus, the effect of imipramine and lithium treatment to increase cyclin D1 expression seems not directly related to Wnt/β-catenin signaling. Furthermore, β-catenin is an established marker of GSK-3 inactivation, because cytoplasmic levels are increased by inhibition of the enzyme [26] . Indeed, β-catenin, when sequentially phosphorylated by GSK-3β, undergoes proteasomal degradation. Conversely, lithium prevents GSK-3β-catalyzed phosphorylation of β-catenin, enabling β-catenin to accumulate and translocate to the nucleus, where it facilitates survival gene transcription [27] [28] . We confirmed that the expression of total and phosphorylated (Ser9, Tyr216) GSK3β was not affected by treatment with imipramine and lithium in saline-or ACTH-treated rats. Namely, it may be that cell proliferation in response to increased cyclin D1 levels involves different Wnt/β-catenin signaling in ACTH-treated rats. Furthermore, we did not examine the effect of combined imipramine and lithium treatment on the expression of CREB-BDNF and Wnt/β-catenin signaling at the other time point. Further studies are in progress to clarify these points.
Conclusion
Our previous results demonstrated that treatment with imipramine and lithium increases cell proliferation in the hippocampal dentate gyrus in ACTH-treated rats [8] [9] . In conclusion, imipramine and lithium treatment alters hippocampal expression of cyclin D1, but not Wnt 3a, in ACTH-treated rats. When combined with the results of previous studies, these results support the assertion that imipramine and lithium may improve the efficacy of treatment for resistant depression by triggering cell proliferation via cyclin D1.
